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ABSTRACT 
 
Ultrafine particles (UFP) have both health and climate impacts and are emitted in 
large quantities by vehicles. To further our understanding of how high-traffic roadways 
contribute to urban UFP concentrations, a mobile sampling strategy is developed to 
measure UFP on a perpendicular transect near interstate 81 (I-81) in Syracuse, New 
York. Measurements are taken during morning rush hour and non rush hour using a 
bicycle-mounted TSI Nanoscan scanning mobility particle sizer capable of measuring 
particles with diameters of 10 – 420 nm. UFP concentrations near I-81 are considerably 
lower and more variable than reported in previous studies. The spatial decay of UFP with 
distance from I-81 is examined, and a linear mixed-effects model is generated to 
determine the variables that influence near I-81 UFP concentrations. Temperature, 
sampling time, and distance are important predictors of near-I-81 UFP concentrations, 
but local UFP sources are evident and identification of such sources is explored. 
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CHAPTER 1: INTRODUCTION 
1.1 Atmospheric Aerosol Particles 
Atmospheric aerosol particles are any solids or droplets suspended in the 
atmosphere. These particles can impact climate (Charlson et al., 1992) and are associated 
with detrimental health impacts (Dockery et al., 1992). Climate forcing by aerosol 
particles can be direct through scattering and absorption of shortwave solar radiation 
(Charlson et al., 1991; Menon et al., 2002) or indirect by altering cloud properties 
(Lohmann and Feichter, 2005). The smallest aerosol particles (i.e., those with diameters < 
100 nm) are referred to as ultrafine particulate matter (UFP) and may be particularly toxic 
to humans (Li et al., 2003). Exposure to UFP has been associated with an array of 
cardiovascular ailments. Inhalation of UFP can lead to inflammation, changes in 
autonomic regulation of the heart, and disruption of the ion channel functions of 
myocardial cells (Schulz et al., 2005). Due to the small size of UFP, these particles can be 
captured and transported to many parts of the body, including the brain (Oberdörster et 
al., 2004). Recent evidence even points to a connection between UFP and dementia and 
Alzheimer’s disease (Underwood, 2017).  
Aerosol particle size distributions (PSDs, i.e. the relative abundance of aerosol 
particles of different sizes) vary greatly in the atmosphere and are subject to a range of 
aerosol dynamic processes (summarized in Fig. 1-1). Aerosol particles enter the 
atmosphere either by direct emission or by new particle formation (nucleation).  Newly 
formed particles and those that enter the atmosphere from primary particle emissions can 
grow through condensation of vapors, or by coagulation with other particles (Fig. 1-1). 
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Condensation does not change the number of particles in the PSD, but shifts the PSD to 
larger diameters, whereas coagulation decreases the aerosol particle number 
concentration and shifts the PSD towards larger diameters. These particles may be 
removed from the atmosphere via wet (precipitation removal, see Appendix A) or dry 
deposition (see explanations of aerosol particle dynamics given in Seinfeld and Pandis, 
2006).  
UFP dominate total number concentrations of particles (Fig. 1-1). They can 
originate from either biogenic or anthropogenic sources (Mäkelä et al., 1997; Morawska 
et al., 2008) and can be formed through primary or secondary pathways. Primary UFP are 
formed from direct sources such as soot from combustion processes and cooking 
(Buonanno et al., 2009). Secondary UFP are formed during a phase change of critical 
clusters of semi-volatile gases to the particle phase (Pryor et al., 2011). In North America, 
the mobile sector dominates anthropogenic UFP emissions (Paasonen et al., 2016), with 
the bulk of vehicle particle emissions being UFP (Fig. 1-2). However, there are variations 
in the chemical composition, size, and number concentration among different parts of the 
on-road fleet. For instance, particles from diesel engines range from 20-130 nm, while 
particles emitted by gasoline vehicles range from 20-60 nm (Morawska et al., 2008). 
Currently, the U.S. Clean Air Act (United States Code 42) regulates the mass 
concentration of fine particulate matter with diameters less than 2.5 µm (PM2.5), but does 
not regulate UFP number concentrations. PM2.5 concentrations can be highly variable in 
urban environments (Sullivan and Pryor, 2014), and so having one or a few monitoring 
stations within a city may not be adequate to represent the actual human exposure to 
atmospheric particles. In addition, PM2.5 measurements are mass-based and thus are only 
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weakly influenced by the number of UFP present (see Chapter 3). The eastern United 
States includes areas of very high particulate emissions, and some of the highest UFP 
emissions in the world, third to only some found in China and Russia (Fig. 1-3). For these 
reasons, there is a need for further research to understand the sources and ambient 
concentrations of UFP within urban areas of the eastern United States.   
 
Figure 1-1. Illustration of aerosol dynamics (left) and an example of a particle size 
distribution expressed in terms of number concentration (blue) and volume concentration 
(red). Figure reproduced from Pryor et al. (2015). 
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Figure 1-2. Particle size distributions from direct gasoline vehicle emissions under four 
acceleration scenarios. Figure reproduced from Karjalainen (2014). 
 
 
Figure 1-3. Total number emissions around the world for particles with diameters < 1000 
nm (left), and particle size distributions for different regions (right). Figure reproduced 
from Paasonen et al. (2016). 
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1.2 Measuring UFP 
The most commonly used instruments for measuring UFP concentrations are 
Scanning Mobility Particle Sizers (SMPS), Fast Mobility Particle Sizers (FMPS), and 
Electrical Low-Pressure Impactors (ELPI) that describe the size distribution of particle 
number concentrations, and standalone Condensation Particle Counters (CPC) which 
provide high-time resolution total number concentrations above some diameter threshold 
(Kulkarni et al., 2011).  These instrumental approaches are briefly described and 
compared below.  
Availability of size-resolved particle number concentrations is useful in 
understanding the likely atmospheric fate of particles, their possible source and also their 
potential human health or climate impact, but as described below, the disadvantage of 
using an SMPS is the comparatively slow time to fully characterize the PSD (typically ~1 
minute or longer). Having PSDs can help in determining the source of the particles, since 
different sources contribute to different modes of a PSD. The disadvantage of using an 
SMPS is that it often takes 60 seconds or longer (depending on the number of diameters 
being sampled) to obtain a PSD, so for high-resolution data, an FMPS or standalone CPC 
that report total number concentration every second or at higher time resolution may be 
more appropriate. 
 An SMPS has four main components (Fig. 1-4). The first is a cyclone inlet that, 
through inertial impaction, restricts the sizes of particles that may enter the instrument 
(Kang et al., 2012). The second component is an electrostatic classifier, which is 
responsible for charging the particles using ions (Adachi et al., 1992). Once charged, 
the particles are introduced to a differential mobility analyzer (DMA) that exposes the 
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particles to an electric field (Chen et al., 1998). The particles with high mobility are 
deposited upstream of the sample inlet, particles with low mobility are discharged 
with excess flow, and those with the mobility currently being sampled can reach the 
sampling hole and flow on to the CPC. In the CPC, particles are exposed to a vapor 
such as butanol, and are subsequently grown to a size that can be detected when 
passed through a light source (Fig. 1-5). The pulses detected by a photomultiplier are 
counted to obtain a particle count (i.e. number of particles). A P-Trak (TSI, Inc. 
Shorview, MN, USA) operates similarly to a CPC, yet is more portable, but best used 
in indoor applications (Zhu et al., 2006). 
 An FMPS (TSI, Inc., Shoreview, MN, USA) differs from an SMPS in that it does not 
contain a CPC. Instead, the FMPS draws charged particles into a part of the 
instrument that is similar to a DMA, but has the ability to both size and count the 
particles due to the placement of electrometers around a high voltage electrode 
column (Tammet et al., 2002) (Fig. 1-6). Particles with high electrical mobility will 
strike electrodes near the top of the column, and particles with low electrical mobility 
will travel further down the column before striking an electrode. Because the FMPS 
can size and count particles of all diameters at one time, the time resolution of the 
data is higher than that for an SMPS. 
 An ELPI is capable of measuring a wide range of particles, including UFP at high 
frequency (10 Hz) (Keskinen et al., 1992). An ELPI contains three main components. 
The first component is a unipolar corona charger that charges the particles. The 
second component is a cascade low pressure impactor. A vacuum pump creates low 
pressure that pulls the particles through the cascade impactor. Larger particles will 
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collect on the top impactor stages, and smaller particles will be collected on the last 
impactor stages. Each impactor stage is equipped with an electrometer that can detect 
each charged particle. The charge and location in the impactor can be related to the 
particle number concentration and size. 
In this study, a smaller, more portable version of a SMPS, hereafter referred to as 
a Nanoscan (Fig.1-7) is used. The Nanoscan operates on a similar principle to full-sized 
SMPS systems but contains no radioactive source, and instead has a unipolar charger 
with a corona needle to generate charged ions (Stommel and Riebel, 2005). Like a 
standard SMPS, the charged particles next flow into a DMA that sizes the particles and 
releases one diameter at a time to the CPC. Unlike many CPCs that use butanol or water 
to grow particles to detectable sizes, the Nanoscan uses isopropyl alcohol. The Nanoscan 
discretizes the particle number size distribution from 10 to 420 nm into 13 
logarithmically spaced diameters and operates in two modes: single and scan. In single 
mode, the charge of the DMA is fixed so that the instrument samples the concentration of 
particles with fixed diameter every second, while scan mode records a size distribution 
including all diameters every 60 seconds. Additional instrument specifications are given 
in Table. 1-1. 
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Figure 1-4. Schematic of the components of and flow in a scanning mobility particle sizer 
(left) and the differential mobility analyzer included therein (right). Figure reproduced 
from TSI, Inc. (2012a). 
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Figure 1-5. Schematic of the components of and flow in a condensation particle counter. 
When a condensation particle counter is employed as part of a scanning mobility particle 
sizer it is connected to the differential mobility analyzer (Fig. 1-4) at the monodisperse 
aerosol outlet. Figure reproduced from TSI, Inc. (2012b). 
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Figure 1-6. Schematic of flow of aerosols through a TSI Fast Mobility Particle Sizer. 
Figure reproduced from TSI, Inc. (2015). 
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Figure 1-7. Schematic of aerosol flow through a TSI Nanoscan scanning mobility particle 
sizer. Figure reproduced from TSI, Inc. (2012c). 
Table 1-1. TSI Nanoscan scanning mobility particle sizer specifications 
Diameter Size Range 10-420 nm 
Size Channels 13 
Measurement Time Resolution Scan mode: 60 s Single Mode: 1 s 
Particle Concentration 100-1,000,000 cm-3 
Flow Rate 0.75 lpm ± 20% at inlet, 0.25 lpm ±10% at 
sample 
Zero Count ≤0.1 cm-3 
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1.3 Mobile sector UFP emissions 
In urban areas, vehicular traffic can be a major contributor to local UFP emissions 
and concentrations (Janhäll et al., 2012). Accordingly, residents of homes near high-
traffic roadways may be more likely to experience ailments, such as asthma (Juhn et al., 
2010). This situation is particularly troubling given the majority of the United States’ 
population resides in urban areas (2010 Urban and Rural Classification - Geography - 
U.S. Census Bureau), and many U.S. cities have high-traffic roadways running through, 
or near-to, their urban cores. Thus, UFP from the mobile sector may be an important 
source of increased urban mortality and morbidity (Stölzel et al., 2007).  
Vehicular traffic contributes to atmospheric particle concentrations in several 
ways. The most obvious mechanism is through the combustion of fuels such as gasoline 
and diesel. UFP can be produced in this process either through primary or secondary 
formation. For instance, black carbon (BC) is released in the vehicle’s exhaust (primary) 
(Dallmann et al., 2014) while sulfur dioxide (SO2), when exhausted, can lead to sulfite 
(SO3) formation, that when hydrolyzed, forms sulfuric acid (H2SO4) – an important 
precursor for new particle formation (secondary) (Vogt et al., 2003). Less obvious, but 
arguably a larger contributor to near-road UFP concentrations, is engine lubricating oil in 
both gasoline and diesel engines (Dallmann et al., 2014).  
Non-exhaust emissions can also contribute to near-road particle number 
concentrations. Brake and tire wear can produce particles in the range of PM2.5 and coarse 
particulate matter with diameters less than 10 µm (PM10), and road wear and dust often 
contribute to PM10 or even larger sizes of particles (Thorpe and Harrison, 2008).  
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1.4 Summary of previous research on vehicular emissions of UFP and near-source 
variability of UFP 
Table. 1-2 summarizes many of the previous studies that have sought to examine 
UFP emissions and concentrations within urban areas and near to major roadways. The 
common themes within these studies and the outstanding research questions are briefly 
summarized below. 
1.4.1 Emission Factors 
Emission factors are representative values that are used to characterize true 
particle emissions (size and concentration) from specific sources in terms of, for example, 
the operating conditions (e.g. vehicle acceleration). Emission factors for the mobile sector 
are typically obtained using dynamometer tests (Schauer et al., 1999; Zielinska et al.; 
2004; Fujita et al., 2007).  
The alternative to dynamometer tests (where a vehicle is operated on rollers 
connected to an electric motor) is to use on- or near-road measurements and traffic data 
to infer emission rates. The advantage of dynamometer tests is that an individual vehicle 
can be monitored in a controlled environment and emission rates observed over a range 
of conditions (e.g. engine temperature, engine speed, etc.). However, on-road/near-road 
measurements capture the true emissions from the operating fleet. 
When direct measurements of the pollutant of interest are not available, the 
concentration of one pollutant and occasionally meteorological measurements can be 
used to estimate the quantity of the pollutant of interest (Gramotnev et al., 2003; 
Kittelson et al., 2004; Kristensson et al., 2004). Because vehicles emit several pollutants 
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that can be related to UFP, studies have utilized measurements of carbon monoxide (CO), 
BC, and nitrogen oxides (NOx) in order to estimate the concentration of UFP emitted by a 
vehicle over some distance (Gramotnev et al., 2003; Kittelson et al., 2004; Kristensson et 
al., 2004).  
Ambient estimates of emission factors vary from study to study and place-to-
place because they depend on the fleet of vehicles and the method by which the emission 
rates were estimated. For instance, a study based in Gothenburg, Sweden estimated UFP 
emission factors for 3-900 nm particles between 1 x 1013 and 14 x 1013 particles km-1 
(Kristensson et al., 2004), while in Minneapolis, Minnesota, another study estimated 
emission factors for particles > 3 nm as high as 1.1 x 1016 particles km-1 (Kittelson et al., 
2004). These differences likely reflect differences in fleet composition and age as well as 
differences in fuel composition. 
1.4.2 On-road UFP  
Prior research has shown that UFP concentrations are systematically higher near 
high-traffic roadways (Hagler et al., 2010; Kittelson et al., 2004), but the PSD of UFP 
(and all particles) is impacted by vehicle speed (typically slower moving traffic produces 
larger particles and volumes compared with faster moving traffic (Giechaskiel et al., 
2005; Kittelson et al., 2004)), and that ambient near-source PSD and UFP concentrations 
are dominated by very few high polluting vehicles (Park et al., 2011).  
Some high-polluting vehicles may have underlying mechanical issues, but fuel 
type and composition, and vehicle mode of operation are also factors that can impact a 
vehicle’s UFP emissions. Diesel-fueled vehicles tend to emit higher total particle 
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concentrations with PSDs concentrated in the accumulation mode, whereas gasoline-
fueled vehicles tend to emit particles with PSDs dominated by UFP (Huang et al., 2013; 
Miguel et al., 1998). The sulphur content of diesel fuel is highly correlated with UFP 
emissions, and multiple studies have found that decreasing sulphur levels in diesel fuels 
significantly decreases emitted UFP concentrations (Andersson et al., 2001; Bagley et al., 
1996). UFP emission factors increase with increasing vehicle flow rates (Zhai et al., 
2016), and under heavy load or aggressive driving conditions (Huang et al., 2013). The 
increase in UFP emissions under these conditions is likely due to the formation of 
nucleation mode particles from incomplete combustion and smaller amounts of primary 
soot and metal particles from engine lubricating oil (Dallmann et al., 2014). 
Several meteorological variables affect vehicle UFP emissions. Numerous studies 
have shown vehicle UFP emissions to be inversely related to temperature (Charron and 
Harrison, 2003; Janhäll et al., 2012; Olivares et al., 2007). Colder temperatures facilitate 
secondary particle formation through condensation because the vapor pressure of emitted 
gases is lower under these conditions (Takekawa et al., 2003). Relative humidity is also 
important for certain types of particle formation. In a study examining the effects of 
humidity on PM2.5 concentrations, relative humidity was positively correlated with 
sulfate and nitrate concentrations, but negatively correlated with organic and elemental 
carbon (Tai et al., 2010). Precipitation acts to scavenge, or remove UFP from the 
atmosphere by colliding with particles. While scavenging coefficients (s-1) reach a 
minimum around 100-200 nm, median UFP scavenging coefficients from a forested site 
in Indiana, USA ranged from ~1.6 x 10-5 s-1 to ~4.1 x 10-5 s-1, thus contributing to the 
removal of UFP from the atmosphere (Appendix A, Pryor et al., 2016). Lastly, wind 
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speed is especially important in the on-road and near-road environment. Wind speed 
accelerates coagulation, dilution, and deposition rates, thus decreasing the concentration 
of UFP. In a study of UFP in near-road environments in Durham, NC, UFP 
concentrations were nearly double when wind speeds were low and meandering, 
compared with when wind speeds were higher and in a crosswind direction from the 
roadway (Hagler et al., 2010). 
1.4.3 Near-road UFP  
The decay of UFP concentrations from a line source, such as a highway, can be 
modeled using a simple exponential function (Neumann, 1978). The horizontal crosswind 
spread of particles can be approximated using, 
𝜎𝑦
2 = 2𝑣2𝐿 {𝑡 − 𝐿(1 − 𝑒−
𝑡
𝐿)}                (1-1) 
where 𝜎𝑦 is the horizontal crosswind spread of particles, v is the horizontal crosswind 
component of turbulent velocity, t is the travel time, and L is the Lagrangian integral time 
scale,  
𝐿 =  ∫ 𝑅(𝑡)𝑑𝑡
∞
0
               (1-2) 
where R(t) is the correlation function of the crosswind component v of turbulent velocity, 
and, 
R(t) =  e−𝑡/𝐿                  (1-3) 
  In general, field studies confirm the a priori expectation that UFP concentrations 
decrease exponentially with distance from a highway (Hagler et al., 2009; Zhu et al., 
2002b, 2002a).  The exponential decay of UFP concentrations is especially apparent 
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when the wind direction is such that measurements are made downwind of the highway 
(Zhu et al., 2002b). Because UFP are subject to rapid near-source changes in number 
concentration due to dilution, deposition, coagulation, and condensation, exponential 
decay may not always be observed. 
The particle dynamics responsible for exponential decay are still debated and may 
vary by location. Near a Texas roadway, UFP were removed readily through coagulation 
with fine particles near the highway, but farther from the highway, reduction of UFP was 
dominated by dilution (Choi and Paulson, 2016). In contrast, a study that utilized data 
from highways in Los Angeles, California suggested that coagulation and deposition 
played minor roles, whereas dilution and condensation were the major mechanisms 
responsible for changes in downwind PSDs because the “tailpipe-to-road” and “road-to-
ambient” timescales favored dilution over coagulation (Zhang and Wexler, 2004). 
Studies investigating the evolution of UFP concentrations away from roadways 
often employ multiple sampling locations at different distances from the highway (Hagler 
et al., 2009; Reponen et al., 2003; Zhu et al., 2002a, 2002b). These studies report 
differing distances away from the highway that must be reached in order for UFP 
concentrations to decay to background levels. In one study, UFP concentrations at 300 m 
downwind of a freeway were comparable to those at 300 m upwind (Zhu et al., 2002b); 
however, in another study, the authors postulated that the region of impact beyond a 
major Raleigh, North Carolina roadway could exceed 300 m during high volume traffic 
conditions (Hagler et al., 2009). 
The variation in distance needed for UFP concentrations to decay to background 
is expected as wind direction, wind speed, and landscape and topography can all play 
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roles in how far UFP travel before depositing, coagulating, growing by condensation, or 
diluting (Choi et al., 2016). Decay rates may be much higher when the wind direction is 
perpendicular to the highway as opposed to parallel (Reponen et al., 2003).  
The type of vehicles travelling on the highway can also impact downwind UFP 
concentrations. Average total particle number concentrations have been reported to be 
higher on roadways with a large proportion of heavy duty diesel vehicle (HDDV) traffic 
(Zhu et al., 2002a).  
  As implied by the above, despite numerous studies on this topic, many inferences 
relating to near-road UFP concentrations remain applicable only to the site at which they 
were developed (Gidhagen et al., 2004; Hagler et al., 2009; Reponen et al., 2003; Zhu et 
al., 2002b, 2002a).   
1.4.4 Modeled near-road UFP 
Since near-road UFP studies can be resource-intensive and site-specific, there is a 
need for UFP-specific dispersion models that can be applied to a variety of roadways. 
Currently, the most widely used near-road air pollutant dispersion models are CALINE4 
(Benson, 1984), AERMOD (Cimorelli et al., 2005; Perry et al., 2005), ADMS 
(Carruthers et al., 1994), and RLINE (Snyder et al., 2013). These dispersion models are 
designed for line sources, like roadways, and are based on the steady-state Gaussian 
diffusion equation (Eq. 1-4), 
𝑐(𝑥, 𝑦, 𝑧) =  
𝑄
2𝜋𝜎𝑦𝜎𝑧𝑢
𝑒
−𝑦2
2𝜎𝑦
2
(𝑒
−(𝑧−ℎ)2
2𝜎𝑧
2 + 𝑒
−(𝑧+ℎ)2
2𝜎𝑧
2 )        (1-4) 
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where c is the concentration at a given position, x, y, and z are the downwind, crosswind, 
and vertical directions, Q is the source term,  σy and σz describe the crosswind and 
vertical mixing of the pollutant, u is wind speed, and h is the height of the plume where 
pollutants are released. While these models are generally adequate for modeling the 
dispersion of gaseous pollutants, as has been validated through comparison with tracer 
studies (Heist et al., 2013), these models do not include particle dynamics, and thus are 
not ideal for modeling near-road UFP concentrations.  
To better understand particle dynamics near vehicle sources, wind tunnel 
experiments may be used. A scaled-down model of vehicles on a roadway can be placed 
in the wind tunnel and when emitting known concentrations of UFP near the tailpipe of 
modeled vehicles, vehicle- and road-induced turbulences can be studied. A wind tunnel 
study examining UFP dispersion from a model truck determined that vortices that formed 
in the wake of the truck acted to disperse the particles and that the dispersion was 
influenced by vehicle speed, with higher vehicle speeds leading to greater UFP dispersion 
(Mehel and Murzyn, 2015). 
Findings from wind tunnel experiments can then be used to inform larger-scale 
near-road UFP dispersion models, such as the Comprehensive Turbulent Aerosol 
Dynamics and Gas Chemistry (CTAG) model (Wang and Zhang, 2012). CTAG 
encompasses three scales that allow for modeling of particle dynamics from the tailpipe 
all the way to the regional domain. CTAG has been validated with near-road UFP 
measurements and performs adequately, but is much more computationally intensive than 
other near-road pollutant dispersion models such as AERMOD (Wang et al., 2013). A 
recent study has attempted to reduce the computational demand of near-road UFP 
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dynamics modeling by applying periodic boundary conditions (Huang et al., 2014). These 
authors compared modeled results with results from a near-road sampling study and using 
sensitivity analyses, determined that modeled UFP concentrations are sensitive to H2SO4-
H2O binary homogeneous nucleation, condensation and evaporation of semi-volatile 
organic compounds, and dry deposition, but were not sensitive to coagulation. 
Additionally, the authors found that UFP concentrations are sensitive to atmospheric 
boundary layer conditions, and it was suggested that future models should include these 
conditions to improve model performance. Further, there is a need for additional 
observational data to evaluate and validate these models. 
1.4.5 Mitigation 
The most aggressive strategy for reducing UFP concentrations near roadways is 
decreasing the number of vehicles. In urban areas, where existing public transportation 
could be bolstered, this reduction could be possible. But some high-traffic urban 
roadways are interstates with a large portion of traffic being through and not commuter. 
In these cases, vehicle reduction may be more difficult, but other options remain. 
A recent trend that is likely to have an impact on urban UFP concentrations is the 
removal of urban freeways from city centers (Napolitan and Zegras, 2008). While once 
seen as a great convenience, having a large freeway running through an urban area is 
more often seen as a nuisance to air quality, businesses, and housing (Kang and Cervero, 
2009). Cities such as San Francisco, California and Milwaukee, Wisconsin have replaced 
urban freeways with park space, pedestrian and bike paths, and public transit routes, and 
others are following suit (Napolitan and Zegras, 2008).  
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Syracuse, New York is the focus of the current study and is proposing to reroute 
through traffic on interstate 81 (I-81) to a neighboring freeway outside of the city, and 
replace the aging elevated highway with a street-level boulevard. The conversion of 
highway to boulevard is aimed at enabling better access to local business through street 
parking, as well as improving pedestrian and bike safety through additions of sidewalks 
and bike paths (I-81opportunities). 
Another option for reducing near-road UFP concentrations is the use of trees and 
barriers between highways and residential or other populated areas. Hagler et al. (2010) 
found that a solid, 6-m structural barrier lowered UFP concentrations away from the 
highway by approximately half, but that a vegetative barrier had much more variable 
results likely due to its thin, non-continuous structure (Hagler et al., 2012). Variability of 
particle concentrations behind tree barriers has also been observed for PM2.5 and linked to 
decreased Turbulent Kinetic Energy downwind of trees (Tong et al., 2015) 
1.5 Research Objectives and Hypotheses 
High-traffic roadways have been shown to be sources of UFP; however, measured 
concentrations and the spatial variability of concentrations around the highway sources 
differ substantially between studies. Further, there is a need for studies on the 
contribution of elevated urban freeways to near-road UFP concentrations to better 
understand how UFP from urban high-traffic roadways evolve and vary in an urban 
environment.  
The purpose of this study was to undertake measurements of UFP along a transect 
oriented perpendicular to I-81 in Syracuse, New York in order to:  
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1) Demonstrate the feasibility of using a bicycle-mounted Nanoscan SMPS 
(described in Chapter 2). Initial testing suggested the TSI Nano-SMPS systems 
are comparatively insensitive to vibration and have sufficient internal logging 
capabilities. I hypothesize that the Nanoscan measurements will be unaffected 
(i.e., show no response) to vibrations encountered during testing and will be on 
the same order as studies that have utilized full-size SMPS systems in moving 
vehicles in previous near-road studies. 
2) Quantify how concentrations of UFP decay with lateral distance during rush hour 
and non- rush hour. Traffic counts from I-81 and along the sampling transect are 
used to evaluate whether differences in rush hour and non-rush hour UFP 
concentrations may be associated with changes in vehicle counts or other 
influences. I hypothesize that UFP concentrations will be greatest during rush 
hour sampling periods. 
3) Relate the day-to-day variations in UFP concentration decrease with increasing 
distance from the highway to factors such as wind speed, temperature, and 
transect vehicle traffic. Meteorological data from a nearby tower and transect 
vehicle count data from a bicycle-mounted camera are employed to assess the 
impacts on near-road UFP concentrations. Consistent with empirical studies 
(Hagler et al., 2009; Zhu et al., 2002b, 2002a), a highway when modeled as a line 
source, will emit UFP concentrations that will decay exponentially with lateral 
distance. I hypothesize that UFP concentrations will decrease exponentially from 
I-81, but the rate of decay is modified by whether it is rush hour or not on I-81 
due to decreased highway vehicle traffic and, and will show a significant 
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dependence on wind speed and temperature. Local vehicle sources may also 
influence sampled UFP concentrations on the cross-street below the highway and 
thus confound interpretation of my transect sampling relative to highway traffic. 
While some vehicles may be more polluting than others, the general trend will be 
the more local traffic, the higher UFP concentrations and larger spread above the 
mean. Based on previous research that 10% of vehicles contribute 50% of gaseous 
pollutant emissions (Stedman et al., 1997), I postulate that cases where my 
measurements with distance from the highway do not exhibit exponential form 
may be associated with individual vehicles on the local road on which I was 
sampling.    
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Table 1-2. Summary table of previous related research 
Author, 
Year 
Geographic 
Area 
Particle 
Size 
Range 
Instrumentation Highway Structure Sampling strategy Relevant Results 
Janhäll et 
al., 2012 
Gothenburg, 
Sweden 
20-100 
nm  
SMPS Ground-level city 
streets 
Stationary rooftop 
sampling from 30 m 
above city center. 
Duration: 4 weeks 
Total particle number 
concentration range: 
2000 – 11000 cm-3. 
UFP emissions increase 
with decreasing CO and 
emission factors increase 
with decreasing 
temperature. 
Zhu et al., 
2002b 
Los Angeles, 
CA, USA 
6-220 
nm  
CPC and SMPS North south oriented, 
9 lane highway that is 
elevated ~4.5 m above 
sampling locations 
UFP measurements 
at 30, 60, 90, 150, 
and 300 m 
downwind from the 
center of the 
highway, and 300 m 
upwind. Duration: 9 
days, 4.5-5.5 
hours/day 
Total particle number 
concentration range: 
5x104 – 2x105 cm-3 UFP 
concentrations decreased 
dramatically with 
increasing distance from 
the highway. 
Concentrations at 300 m 
downwind were 
comparable to 300 m 
upwind. Larger particles 
were less affected by 
distance, but wind speed 
affected all particle 
number concentrations. 
Zhu et al., 
2002a 
Los Angeles, 
CA, USA 
6-220 
nm 
CPC and SMPS North south oriented, 
8 lane, ground-level 
UFP measurements 
taken at 17, 20, 30, 
Total particle number 
concentration range: 
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highway dominated by 
HDDV traffic 
90, 150, and 300 m 
downwind, and 200 
m up wind. 
Duration: 7 days, 5.5 
hours/day 
0.1x105 – 3x105 cm-3 
UFP concentrations 
decreased dramatically 
with distance from the 
highway 
Park et al., 
2011 
Los Angeles, 
CA, USA 
PM2.5 
and 
UFP 
CPC, FMPS, and 
DustTrak 
(PM2.5) 
Two routes: 1) 
port/freeway/truck 2) 
residential 
On-road sampling 
from electric 
vehicle. Duration: 30 
miles driven twice a 
day, 2-3 times/week 
during winter and 
summer 
Total particle number 
concentration range: 
100x103 – 2x106 cm-3 5% 
of vehicles sampled were 
identified as “high-
emitters” and emitted 5-
25 times higher particle 
concentrations than the 
fleet mean.  
Kittelson et 
al., 2003 
Minneapolis, 
MN, USA 
3-1000 
nm 
SMPS and CPC Several routes On-road 
measurements, with 
stationary 
measurements for 
background 
concentrations. 
Duration: 800 km in 
5 days  
Total particle number 
concentration range: 
4x103 – 1x107 cm-3 
Particle concentrations 
increased dramatically as 
sampling vehicle 
approached a highway. 
Particle size decreased 
with increasing speed. 
Reponen et 
al, 2003 
Cincinnati, 
OH, USA 
0.02-20 
µm and 
PM2.5 
CPC, optical 
particle counter 
(OPC), and 
Harvard 
Impactor 
North south oriented, 
ground-level highway 
Sampled on eastern 
side of highway at 
distances ranging 
from 50 to 1600 m. 
Total particle number 
concentration range: 
13000 – 38000 cm-3 UFP 
concentrations decayed 
to half, under west 
winds, between 50 and 
150 m east of the 
highway, and to 30% 
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between 400 and 1600 m. 
Under parallel wind 
conditions, UFP 
concentrations decreased 
to 75-85% at 400 m. 
Duration: 3 sampling 
periods lasting 2-5 days 
each 
Hagler et 
al., 2010 
Durham, NC, 
USA 
<100 
nm 
Engine exhaust 
particle sizer 
(EEPS) and 
SMPS 
Ground-level 
roadways including a 
highway, arterial 
streets, residential and 
business streets 
Measurements made 
from an electric 
vehicle driving a 
sampling route. 
Background 
measurements taken 
from a stationary 
vehicle. Duration: 6 
days during 1 week, 
1.5-3 hours/day 
Total particle number 
concentration range: 
1x104 – 4x104 cm-3  
The lowest UFP 
concentrations were 
observed in a 
neighborhood with trees 
and buildings obstructing 
the highway. The median 
highway UFP 
concentrations are a 
factor of 2.9 higher than 
median arterial road UFP 
concentrations. During 
downwind conditions, 
the median near-road 
UFP concentrations are a 
factor of 1.8 and higher 
than urban background. 
During calm wind 
conditions, UFP 
concentrations are 
regionally elevated 
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relative to the crosswind 
levels and near-road UFP 
concentrations are still 
higher than nearby urban 
background areas by a 
factor of 1.2. 
Wåhlin et 
al., 2001 
Copenhagen, 
Denmark 
6-700 
nm 
DMA and CPC 3 measurement 
locations: 1) busy road 
with 5-6 story row 
homes on either side, 
2) urban background, 
3) busy road with 1-2 
story homes along 
road 
Stationary 
measurements at 
each of the three 
locations 
Total particle number 
concentration range: 
10000 -200000 cm-3 
Diurnal variation of 
particle concentration 
observed with a peak at 
rush hour during 
weekdays. The average 
particle size emitted by 
diesel vehicles was 
smaller than those 
emitted by gasoline. 
Urban background 
concentrations were 
significantly lower than 
at street locations.  
Hagler et 
al., 2009 
Raleigh, NC, 
USA 
20-
1000 
nm 
TSI P-Trak and 
Grimm model 
107 
Ground-level, high 
traffic roadway 
4 sampling sites 
located 20-300 m 
NE of the roadway 
and an upwind site 
located about 50 m 
to the SW. Duration: 
continuous from 
August 3-10 
Total particle number 
concentration range: 
0.5x104 – 6x104 cm-3  
During morning rush 
hour, a five-fold increase 
is seen downwind of the 
highway as compared to 
upwind. UFP number 
counts poorly relate to 
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PM2.5 
Gidhagen 
et al., 2004 
Stockholm, 
Sweden 
> 3nm CPC Ground-level highway Two stationary 
measurement sites 
located 38 and 91 m 
downwind of the 
highway. Duration: 
6 weeks 
Total particle number 
concentration range: 100 
– 5000 cm-3 Coagulation 
of UFP was of little 
importance over the first 
100 m downwind of the 
highway. Instead, losses 
due to deposition were 
greater due to vehicle 
turbulence. More than 
half of the total 
concentrations of 
particles 63 m from the 
highway are < 18 nm. 
Cheng et 
al., 2009 
Northern 
Taiwan 
6-560 
nm  
FMPS Tunnel Electric vehicle 
driven through 
tunnel. Duration: 
August 12-19 
Total particle number 
concentration range: 10 – 
4.5x104 cm-3 
Traffic volume affects 
UFP levels inside the 
tunnel. UFP levels 
increase with increasing 
distance from tunnel 
entrance. UFP 
concentrations are higher 
when traffic is travelling 
uphill. 
Hagler et 
al., 2011 
Central NC, 
USA 
< 100 
nm 
FMPS, EEPS, 
and CPC 
Ground-level 
roadways with 
vegetative or noise 
barriers 
Mobile 
measurements using 
electric vehicle and 
stationary 
Total particle number 
concentration range: 
1000 – 130000 cm-3  
Solid, 6 m structural 
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measurements at 
different distances 
from highway 
barriers 
barrier lowers UFP 
concentrations away 
from highway, but 
vegetative barrier results 
were much more 
variable. 
Baldauf et 
al., 2008 
Raleigh, NC, 
USA 
PM2.5 
and 
UFP 
EEPS and SMPS Ground-level highway Several stationary 
monitoring sites 
located at various 
distances from 
highway and mobile 
sampling routes 
driven near highway. 
Total particle number 
concentration (20 nm) 
range: 200 - 1200 cm-3  
Elevated concentrations 
of UFP occurred under 
many different wind 
directions – possibly due 
to vehicle turbulence. 
Pirjola et 
al., 2005 
Helsinki, 
Finland 
3nm – 
10µm 
Electrical Low 
Pressure 
Impactor (ELPI) 
and SMPS 
Six lane, ground-level, 
urban highway with 
grass median 
Mobile laboratory 
driven on highway 
and parked at 
different distances 
away from highway 
for stationary 
measurements. 
Total particle number 
concentration range: 0.8 
x 10-4 – 1.8 x 10-5 cm-3 
Positive correlation 
between traffic flow rate 
and particle number 
concentration. Higher 
wind speeds were 
associated with lower 
particle concentrations. 
Hitchins et 
al., 2000 
Tingalpa and 
Murrarie, 
Queensland, 
Australia 
0.015 – 
20 µm 
SMPS Two similar, ground-
level roadways with 
average hourly traffic 
densities of 2550 and 
3400 vehicles 
Mobile laboratory 
parked at different 
locations away from 
the roadways 
Total particle number 
concentration range: 400 
- 850,000 cm-3 
When the wind direction 
passed over the highway, 
toward sampling sites, 
particle concentrations 
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decayed to around 50% 
at 150 m.  
Beckerman 
et al., 2007 
Toronto, 
Canada 
10 nm-
2.5 µm 
P-Trak and CPC Ground-level highway 
with AADT of 
349,100 and 395,400 
Hand-held 
instrumentation and 
mobile lab 
instrumentation 
sampling at different 
distances on two 
transects near 
highway 
Total particle number 
concentration range: 
4153-95,549 cm-3 
UFP associated with 
NO2, VOCs, and black 
carbon 
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CHAPTER 2: METHODS 
2.1 Experimental methods 
2.1.1 Site Description 
 As discussed in Chapter 1, many cities in the northeastern United States exhibit 
relatively high UFP emissions and concentrations, and there is evidence that the mobile 
sector is a major source of these emissions. I selected Syracuse in north-central New 
York for this study because it is transected by two interstate high-traffic roadways 
including I-81, and afforded an opportunity to examine what to date have been under-
studied facets of understanding the UFP burden around highways – to what degree are 
near-source concentrations at ground level near elevated freeway portions different from 
previous studies that have taken measurements at the height of the freeway, and how the 
freeway’s location in an urban area affect the decay of UFP concentrations away from the 
freeway. 
  The city of Syracuse has an estimated population of 144,142 (U.S. Census 
Bureau, 2010) and is transected by an elevated portion (~5 m above the ground) of I-81 
that runs roughly north south. This portion of I-81 can experience Annual Average Daily 
Traffic (AADT) counts > 100,000, while most surrounding ground-level streets have 
AADTs < 10,000 (New York State Department of Transportation, (Fig. 2-1)). Samples of 
UFP number and size distributions were collected along a transect (Fayette Street) 
perpendicular to I-81 (Fig. 2-1). Fayette Street was chosen because it runs perpendicular 
to I-81 and has considerably lower AADT than other similar streets. This experimental 
design was selected to minimize contamination from local sources. There are few local 
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PM2.5 point sources, and the dominant wind direction is from the WNW (Figs. 2-2, 2-3, 
Climate Syracuse ), making this location and highway ideal for studying downwind UFP 
concentrations and size distributions. 
 
Figure 2-1. Traffic and 2010 census data for Syracuse, New York. Population is per 
census tract. Map inset shows approximate sampling locations at 30, 40, 130, 180, 300, 
and 520 m from the center of I-81 along Fayette Street and Syracuse Center of 
Excellence (CoE) tower where meteorological data were obtained.  
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Figure 2-2. Map of Syracuse, NY showing land cover from the 2011 National Land 
Cover Database and known, local PM2.5 point sources as identified by the EPA NY PM2.5 
Emission Summary (available at https://www.epa.gov/air-emissions-inventories). Total, 
annual PM2.5 emissions from nearby chemical plants, electric generation facilities, and 
other industrial facilities are 6, 8.97, and 5.41 tons, respectively. 
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Figure 2-3 Wind rose of hourly wind data from (1981-2010) for Syracuse, New York, 
data compiled by, and figure reproduced from www.meteoblue.com. 
2.1.2 Instrumentation 
UFP concentrations and size distributions were sampled using a TSI Nanoscan 
SMPS (TSI, Inc., Shoreview, Minnesota, USA (Tritscher et al., 2013)) mounted on a 
bicycle (Fig. 2-4).  
To my knowledge, only one other study has used a Nanoscan in a similar mobile 
application (Ruths et al., 2014), so a brief test was performed to evaluate its sensitivity to 
vibrations during the mobile sampling. A Nanoscan was placed on a rolling cart and 
wheeled along a sidewalk adjacent to Tower Road on the Cornell University campus for 
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two minutes then stopped for two minutes. This test was repeated for ~50 minutes. The 
resulting data did not indicate any differences between measurements made while in 
motion, and those made while stationary (Fig. 2-5). However, this test is illustrative of 
the impact a single vehicle can have on UFP concentrations. As shown in Figure 2-5 at a 
time stamp of 44 minutes a HDDV passed the Nanoscan on Tower Road leading to an 
almost 10-fold increase in particle number concentrations. To maintain the Nanoscan 
during the experiment, the cyclone inlet was cleaned before each sampling day and the 
wick was replenished with fresh isopropyl alcohol twice daily during sampling.  
A GoPro action video camera was mounted on the bicycle to observe local, street-
level traffic. The resulting camera footage was manually inspected for each transect to 
identify the presence of vehicles on the street and to characterize them as either cars or 
HDDV. 
The GPS application, Trails (iosphere GmbH), was used on a bicycle-mounted 
iPhone to quantify the speed of the bicycle during mobile sampling and verify the 
stationary sampling locations between individual transects. 
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Figure 2-4. Sampling bike set-up with Nanoscan in secured, cushioned rear basket, and 
GoPro camera mounted to handlebars. 
 
Figure 2-5. A time series of particle concentrations in each size bin collected by a 
Nanoscan SMPS during a test for motion sensitivity where the instrument was in motion 
on a rolling cart for 2 minutes, then stationary for 2 minutes, and repeated for 48 minutes. 
Fifteen-minute mean meteorological data (wind speed, wind direction, and 
temperature) were obtained from 43 m and 1.8 m above ground level on the Syracuse 
Center of Excellence (CoE) tower located one block north of the sampling transect (Fig. 
2-1) (Buckley et al., 2016). Wind speeds and direction were measured by a cup 
anemometer and vane (Climatronics F460 Wind Sensor) and temperature data were 
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measured using a model Climatronics 102090 dual element thermistor (Climatronics 
Corporation, Bohemia, NY, USA). 
Hemispherical photos were taken along the sampling transect at 180 and 30 m 
west and 40, 130, 300, and 520 m east of the center of I-81. The hemispherical photos 
were used to compute sky view factors (SVF) using SkyViewFactorCalculator (Lindberg 
and Holmer, 2012). SVF were calculated using the methods developed by Holmer et al. 
(2000), which involve converting a color hemispherical photo into a black and white 
scale image and relating pixel values to sky and non-sky elements to obtain a ratio of sky 
pixels to non-sky pixels. SVF are used herein to evaluate the degree to which each of the 
stationary sampling locations had a clear sky-view (unimpeded by buildings) and thus the 
degree to which emissions from the elevated highway could be entrained into the street 
and the degree to which local emissions can be ventilated from the street (Allwine et al., 
2002).   
2.1.3 Sampling Procedure 
Sampling was conducted on 20 weekdays without precipitation between July 13th 
and October 17th, 2016. A rush hour (RH) sample was collected between the hours of 
07:30 and 09:00, and a non-rush hour (NRH) sample was collected between 10:30 and 
12:00. Each sample consists of UFP size distributions from six stationary locations at 180 
and 30 m west and 40, 130, 300, and 520 m east of the center of I-81. Additionally, 
mobile transects of UFP concentrations with diameters of 15 and 50 nm were taken 
between stops (Fig. 2-1). These diameters were chosen to represent the two modes of 
PSDs associated with vehicle emissions (Fig. 1-2). 
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To estimate the difference in traffic on I-81 between RH and NRH, car and 
HDDV traffic on I-81 was counted on nine days during the sampling period. Because 
counts were performed manually by watching live traffic footage of a traffic camera 
located ~1.2 km north of the sampling locations on I-81 
(http://cnycentral.com/weather/cameras/route-81-04-28-2016), the counts were not made 
on days when UFP sampling occurred, but were made during RH and NRH, and under 
the criteria of weekdays with no precipitation. 
2.2 Statistical Methods 
Since UFP number concentrations are not normally distributed, I employ non-
parametric tests, and use the median and interquartile range to characterize the central 
tendency and variability.   
Previous studies have observed diurnal variations in UFP concentrations 
associated with morning and evening commuter traffic (Hagler et al., 2009; Wåhlin et al., 
2001). To test the hypothesis that UFP number concentrations adjacent to the I-81 
highway would be higher during rush hour, the differences in RH and NRH samples are 
established by conducting a Wilcoxon Rank Sum test (Gibbons and Chakraborti, 2010; 
Hollander et al., 2013) of the difference in median values of total UFP number 
concentrations and PSDs of UFP at the six stationary sampling locations for NRH and 
RH.  
PSD are analyzed by comparing concentrations during RH and NRH and 
examining the variability within the PSD during the two sampling times. To assess the 
influence of wind direction on PSDs, PSD data are grouped according to wind direction. 
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Perpendicular wind samples include PSD data collected during flow between 240˚ and 
300˚. Parallel wind samples include PSD data collected during wind directions from 330˚ 
to 30˚ and 150˚ to 210˚ (i.e. aligned with I-81). 
While most empirical studies of UFP near roadways tend to indicate that 
concentrations decrease exponentially (Eq. 2-1) with distance from the roadway, two 
other types of fits were also made to median total number concentrations (normalized to 
the 30 m concentration) at the six stationary sampling locations of this study (Eqs. 2-2 
and 2-3) – one in which concentration was assumed to decrease with the reciprocal of 
lateral displacement from the highway and one in which the concentration decreased with 
the reciprocal of the square of the lateral displacement: 
                  𝑦 = 𝑎 × 𝑒𝑏𝑥                     (2-1) 
 
 𝑦 = 𝑎 ×
1
𝑥
                          (2-2) 
 
 𝑦 = 𝑎 ×
1
𝑥2
                     (2-3) 
where y is the UFP concentration (number cm-3), a and b are multipliers and x is the 
distance from the center of I-81 (m).  
 The precise form of the distance decay relationship is important not only to 
generating insights into the physical causes of reduced UFP concentrations with 
displacement from the source (I-81) but also in considering urban design to minimize 
human exposure.  
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 All of model forms considered here are inverse distance. Model 2-2 assumes 
concentrations are reduced linearly with increasing distance from the source. Model 2-3 
assumes concentrations are reduced by one over the square of distance, while model 2-1 
assumes concentrations exhibit negative exponential dependence on distance.  
The quality of fits is evaluated through calculation of the root mean square error 
(RMSE), which quantifies the difference between observed and predicted values. RMSE 
is used in this analysis to determine how well UFP concentrations at the six stationary 
sampling locations fit the modeled decay function.  
While local traffic on the sampling route is less than a third of that on I-81, 
individual vehicles can be disproportionally polluting (Park et al., 2011), I examine the 
influence of local traffic and SVF on sampled number concentrations by relating the 
anomalies from the theorized exponential decrease in UFP number concentrations with 
distance from the highway during RH and NRH sampling to the number and type of 
vehicles on the local street where sampling took place. The influence of local traffic is 
also examined by plotting the minimum and maximum UFP concentrations around the 
mean with local car and HDDV counts and evaluating the variability in minimum and 
maximum concentrations in relation to vehicle counts. 
  Past studies have also suggested that temperature, wind speed, and wind direction 
can modify UFP concentrations away from a roadway source (Hagler et al., 2010; Janhäll 
et al., 2012; Reponen et al., 2003; Zhu et al., 2002b). To test which of the recorded 
independent variables could be influential in this dataset, a linear mixed-effects model 
(LME) is developed. LME is an extension of a linear regression model that is ideal for 
grouped data (Carey and Wang, 2001). LME can be used to describe the relationship 
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between a response variable and independent variables, and includes coefficients that 
vary based on the grouping variables. LME takes the form of Equation 2-4: 
𝑦 = 𝑋𝛽 + 𝑍𝑏 + 𝜀                (2-4) 
where the first term is a fixed-effects term that is part of conventional linear regression, 
the second term is the random effects term which is associated with individual data points 
drawn at random from the population, and the third term is an error term. The data from 
Syracuse fit the criteria for LME because the data are grouped by six stationary stops 
where UFP concentrations and independent variables were recorded.  
The independent variables included in the LME were local traffic counts, wind 
speed, wind direction, temperature, and distance from the center of I-81. Wind direction 
was transformed from 0-360˚ to values between 0 and 1. A value of 1 corresponds to a 
wind direction directly perpendicular with I-81 (east or west), and a value of zero 
corresponds to parallel winds (north or south). To allow for inter-variable comparison, all 
independent variables were standardized to z-scores (i.e. an estimate of the number of 
standard deviations from the mean) using Equation 2-5: 
𝑥′ =
𝑥−𝜇
𝜎
                  (2-5) 
where x’ is the transformed data, x is the original data, µ is the mean, and σ is the 
standard deviation. 
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CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Observed Conditions 
3.1.1 Meteorology 
During the sampling period, mean temperatures at a height of 1.8 m on the 
Syracuse CoE tower during rush hour (RH) ranged from 6.4 to 29.3 °C, while non-rush 
hour (NRH) sampling mean temperatures were higher and ranged from 12.2 to 32.9 °C 
(Fig. 3-1). This is an inevitable consequence of the sampling time differences; RH (07:30 
– 09:00), NRH (10:30 – 12:00) and has some implications for measured UFP 
concentrations. Since colder temperatures are usually associated with a lower boundary 
layer and less vertical mixing than higher temperatures, UFP may not dilute as rapidly in 
a colder environment. In addition, colder temperatures promote secondary particle 
formation from vehicle exhaust. Less dilution and better formation conditions are two 
factors that may lead to higher UFP concentrations during RH, even if traffic volume on 
I-81 was the same during RH as NRH. 
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Figure 3-1. Histogram of mean air temperatures recorded at a height of 1.8 m at the 
Syracuse Center of Excellence tower during rush hour (07:30-09:00) and non-rush hour 
(10:30 – 12:00) sampling periods.  
 Wind speed and direction can affect UFP concentrations near roadways. UFP 
concentrations are highest near roadways when wind speeds are low, and UFP 
measurements are made downwind of the roadway (Durant et al., 2010; Hagler et al., 
2009, 2010; Reponen et al., 2003; Zhu et al., 2002b, 2002a). Observed wind speeds 
during the sampling period remained fairly low at < 6 m s-1 and were only slightly faster 
during NRH (Fig. 3-2). The similarity in wind speeds during RH and NRH, indicate that 
both may have similar dilution rates and any differences between RH and NRH UFP 
concentrations are not likely to be attributed to differences in wind speed.  
 
59 
However, the observed wind directions did vary between RH and NRH, but still 
resemble the 30-year climatology displayed in Fig. 2-3. The dominant wind directions in 
both RH and NRH are from the west and south; however, a fairly strong component from 
the north is present during ~8% of the RH data, and southern wind directions are skewed 
further to the southeast during NRH (Fig 3-2). Dominant wind directions were both 
parallel and perpendicular to I-81, with the parallel winds originating from the north and 
south, and perpendicular winds from the west. Under perpendicular, northerly wind 
conditions, one could expect to observe the decay of UFP concentrations along the 
eastern sampling locations. However, under parallel wind conditions, UFP concentrations 
will likely decay much faster with lateral distance from the highway and reach ambient 
concentration closer to I-81. In the case of NRH, where southeasterly winds were 
prevalent, the study design may not be ideal as no sampling locations are located 
downwind; however, UFP concentration decay may be observed between the two western 
sampling sites.  
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Figure 3-2 Wind roses of 15-minute mean wind data observed during rush hour (07:30 – 
09:00) (left) and non-rush hour (10:30 – 12:00) (right) sampling periods at a height of 43 
m on the Syracuse Center of Excellence tower. 
3.1.2 Sky View Factors 
Buildings, walls, and vegetation can decrease the ventilation of an area, trap 
pollutants, and create canyon effects (Hagler et al., 2012, 2010; Wåhlin et al., 2001). SVF 
can be used to approximate how well ventilated an area is. An SVF of 0 corresponds to 
no sky visible in the hemispherical photo (not well ventilated), and a value of 1 
corresponds to 100% sky (well ventilated). SVF estimated at the six stationary sampling 
locations range from 0.515 to 0.926 (Table 3-1.). The most obstructed sites are at 180 m 
west (0.515) and 40 m east of I-81 (0.609), and the most open sites are at 130 and 300 m 
east of I-81. A multi story church to the south as well as several trees to the north 
obstructs the site located 180 m west of I-81. At the 40 m site, the main obstruction is a 
multi-story parking garage to the south.   
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Table 3-1. Sky view factors estimated for each of the six stationary sampling locations.  
Site, direction, and 
distance from I-81 
Sky View Factor 
1) 180 m (west) 0.515 
2) 30 m (west) 0.717 
3) 40 m (east) 0.609 
4) 130 m (east) 0.917 
5) 300 m (east) 0.926 
6) 520 m (east) 0.893 
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Figure 3-3. Hemispherical photos taken at the six stationary sampling locations: 1) 180 m 
W, 2) 30 m W, 3) 40 m E, 4) 130 m E, 5) 300 m E, and 6) 520 m E and used to calculate 
Sky View Factors. 
3.1.3 I-81 Traffic 
Consistent with a priori expectations, roadway traffic on I-81 is higher during RH 
than NRH, with the number of cars per minute averaging 134 and 87, respectively (Fig. 
3-4).  The difference in traffic volume is likely due to commuter traffic entering Syracuse 
during RH. The same difference is not seen in HDDV traffic on I-81. HDDV traffic 
counts during NRH are 95% of RH counts, and in total, account for 4-5% of traffic on I-
81 (Fig. 3-4) which is in line with the national highway average of ~4% (U.S. 
Department of Transportation, 2013).  
 
63 
 
Figure 3-4. Mean vehicles (cars and heavy duty diesel vehicles (HDDV)) per minute on 
I-81 in Syracuse, NY during rush hour (0730 – 0900) and non-rush hour (1030 – 1200) 
for 10 days between September 1st, and October 18th, 2016. 
3.2 Ultrafine particle concentrations 
3.2.1  PM2.5 vs. UFP 
Consistent with previous literature that has shown only a weak relationship 
between UFP and fine particle mass concentrations in urban areas (Hagler et al., 2009), 
UFP concentrations at 300 m east of I-81as measured in this study are not correlated with 
daily mean PM2.5 concentration data for East Syracuse (~6 km east of my sampling 
location) as measured by the New York Department of Environmental Conservation (Fig 
3-5) and accessed via the EPA’s Air Data database (https://www.epa.gov/outdoor-air-
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quality-data). Indeed, there is a weak negative correlation between UFP concentration 
and PM2.5, reemphasizing the need for, and the importance of, PSD measurements. 
 
Figure 3-5. Mean UFP concentrations at 300 m east of I-81 during the 20 study days 
related to daily mean PM2.5 reported by New York Department for Environmental 
Conservation for East Syracuse and accessed via https://www.epa.gov/outdoor-air-
quality-data. 
3.2.2 Rush hour vs. non-rush hour UFP concentrations 
There are distinct differences between UFP concentrations during RH and NRH 
sampling. Median UFP concentrations of all diameters are highest during RH. Close to I-
81, concentrations of 15 and 50 nm particles are elevated, whereas relatively low 
concentrations of 20 nm particles are detected during RH and NRH at all of the six 
stationary sampling locations (Fig. 3-6). While, differences in the meteorology between 
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RH and NRH sampling times cannot be ignored, higher traffic volumes on I-81 may be 
partially responsible for elevated RH UFP concentrations, as has been observed near 
other roadways with commuter traffic (Hagler et al., 2009; Hofman et al., 2016; Wåhlin 
et al., 2001). Median total UFP concentrations measured at all of the six sampling 
locations during RH are 1.33 times higher than those measured during NRH, while the 
ratio of traffic counts is ~ 1.5.  
 
Figure 3-6. Median particle size distribution and number concentrations at the six 
stationary sampling locations (30, 40, 130, 180, 300, and 520 m from the center of I-81) 
during rush hour (07:30-09:00) and non-rush hour (10:30-12:00). Negative distance 
values correspond to sites west of the center of I-81. 
 With increasing distance from a source, one expects to see changes in PSDs due 
to dilution, coagulation, condensation, deposition, and evaporation. While several of 
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these processes are difficult to detect by solely examining PSDs, a couple of observations 
can be made. During RH and NRH, median PSDs at the six sampling locations are very 
similar, and for the most part, total particle number decreases with increasing distance 
from the center of I-81 (Fig. 3-7). This trend is characteristic of atmospheric dilution. A 
possible reason for this observation that particle concentrations are higher at 40 m, rather 
than 30 m are the effects of wind direction and local traffic contamination from Almond 
Street, which runs perpendicular to the east side of I-81, or it may reflect the complexity 
of flow around the elevated highway. 
There are two modes in the RH and NRH PSDs. The first is centered at particle 
diameter (Dp)~ 15 nm, and the second is noted for Dp 30 - 50 nm. The relative magnitude 
of these two peaks is a function of the sampling location. The dominance of these two 
modes is consistent with PSDs from vehicle emissions (Morawska et al., 2008), and is 
similar to UFP PSDs observed near two major Los Angeles, California roadways (Zhu et 
al., 2002b, 2002a). While some studies have observed shifting and/or new modes in PSDs 
at different distances away from highways, suggesting coagulation as the main 
mechanism in altering the PSD (Zhu et al., 2002b, 2002a), new or shifting modes are less 
apparent in this dataset. It is possible that with higher diameter resolution (increased 
number of sampled diameters), that subtle changes of the PSD may have been more 
evident.  
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Figure 3-7. Median particle size distributions of UFP at the six stationary sampling 
locations (30, 40, 130, 180, 300, and 520 m from the center of I-81) during rush hour 
(RH) (07:30-09:00) and non rush hour (NRH) (10:30-12:00) sampling periods.  
 Figure 3-8 shows the change in median number concentrations between 30 m and 
520 m from the center of I-81 during RH and NRH for all sampled UFP diameters. A 
decrease in number concentration is seen in most diameters in both RH and NRH, with 
the greatest decrease in 10-nm particles for both RH (23%) and NRH (15%). Some 
diameters (~15 nm (NRH), ~20 nm (NRH), ~50 nm (RH), and ~90nm (RH)) show small 
increases (under 10%) in number concentration. These results indicate that for most sizes 
of UFP, concentrations are lower further from I-81. For particles with Dp > 10 nm, 
smaller decreases and even increases may occur due to the combined effects of dilution, 
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coagulation, and condensation, as well as contamination from local, non-I-81 sources, 
such as local vehicle traffic. 
 
Figure 3-8. Change in median number concentration of UFP from 30 m west to 520 m 
east of the center of I-81 during rush hour (07:30 – 09:00) and non-rush hour (10:30 – 
12:00). 
The ratio of nucleation mode (<50 nm) to accumulation mode (50 - 420 nm) 
particle concentrations at all sampling locations is greatest during RH (Fig. 3-9). These 
mode classifications are unconventional, but were adopted for this analysis in order to 
compare the results with Pirjola et al. (2006). The ratio is highest close to I-81, with an 
overall decreasing trend with distance from I-81. Pirjola et al. (2006) observed a similar 
trend during winter near an urban highway in Finland and concluded that nucleation 
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mode particles are more effectively diluted than accumulation mode particles due to 
urban background sources of accumulation mode particles.  
 
Figure 3-9. Ratio of median nucleation mode (<50 nm) particle concentrations to median 
accumulation mode (50-420 nm) particle concentrations at the six stationary sampling 
locations (30, 40, 130, 180, 300, and 520 m from the center of I-81) during rush hour 
(07:30 – 09:00) and rush hour (10:30 – 12:00) sampling. 
Sample to sample variability in the median PSDs is less during RH (Fig. 3-10). 
The 75th and 25th percentile is smaller than that during NRH. Also, the interquartile range 
of the individual datasets is lower during RH, and particularly the 25th percentile values 
are highly variable in the NRH samples. Possible explanations for the greater variability 
in NRH samples include: 
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 Greater dilution rates during NRH due to slightly higher wind speeds 
  Higher variability of the wind direction during NRH (southeastern winds were 
more common during NRH and which are associated with neither parallel or 
perpendicular flow relative to I-81) 
 Lower traffic volume on I-81, allowing other possibly more time varying sources 
to play a greater role in dictating UFP concentrations. 
 
Figure 3-10. Median and interquartile range of particle size distributions at the six 
stationary sampling locations (30, 40, 130, 180, 300 and 520 m from the center of I-81) 
during rush hour (07:30-09:00) and non-rush hour (10:30-12:00) sampling. The asterisks 
denote the median value for each diameter, while the vertical line extends from the 25th to 
the 75th percentile. The different colors indicate different sampling locations (see legend) 
from I-81 in m.  
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 Consistent with expectations, when median particle concentrations at the six 
stationary locations during RH and NRH samples were subject to a Bootstrapped 
Wilcoxon Rank Sum Test, all p-values were < 0.05, suggesting significant differences in 
median particle concentrations during RH and NRH (Fig. 3-11).  
 
Figure 3-11. Median p-values for ultrafine particle diameters from a bootstrapped 
Wilcoxon rank sum test comparing median particle concentrations at the six stationary 
sampling locations (30, 40, 130, 180, 300, and 520 m from the center of I-81) during rush 
hour (07:30-09:00) and non-rush hour (10:30-12:00). 
Differences in PSDs sampled under different wind direction conditions are also 
evident. During RH, the median total UFP concentrations at 520 m from I-81 are 17% 
lower than those at 40 m under parallel winds, compared with perpendicular winds. 
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During NRH, the difference is -24% during parallel winds (Fig. 3-12). The difference 
(concentration (40 m) – concentration (520 m)) is greatest during parallel winds because 
UFP from I-81 decayed faster with distance from the highway, as the sampling locations 
are not downwind from the highway source. Similar results were found in Cincinnati, 
Ohio. UFP concentrations decayed by up to 80% at a distance of 400 m from the roadway 
under parallel wind conditions, but as little as 10% under perpendicular winds (Reponen 
et al., 2003). 
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Figure 3-12. Median number ultrafine particle size distributions during rush hour (07:30-
09:00) and non-rush hour (10:30-12:00) at the six sampling locations (30, 40, 130, 180, 
300, and 520 m from the center of I-81) under parallel (330˚ to 30˚, and 150˚-210˚) and 
perpendicular (240˚ to 300˚) wind directions. 
Mobile measurements taken along the transects of 15- and 50-nm diameter 
particles along Fayette Street indicate consistently higher concentrations of 50 nm 
particles during both rush hour and non-rush hour periods (Fig, 3-13), but the median 
values computed across all 20 sampling days do not indicate a clear tendency towards 
decreased concentrations with lateral displacement from I-81. This is examined further 
below. 
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Figure 3-13. Median 1-second number concentrations of 15 and 50 nm particles from 
mobile sampling during rush hour (07:30-09:00) and non-rush hour (10:30-12:00). 
3.2.3 Variation of UFP concentrations with lateral distance from I-81 
Out of the three fits attempted, the exponential form 𝑦 = 𝑎 × 𝑒𝑏𝑥 best describes 
the decay of UFP from I-81 during RH and NRH (Table 3-2, Fig. 3-14).  This finding is 
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in agreement with those from similar empirical studies (Hagler et al., 2009; Zhu et al., 
2002b, 2002a); however, RMSE values only indicate a moderate relationship for RH and 
a weak relationship for NRH. 
Table 3-2.  Root mean square error (RMSE) for the three attempted fits of normalized, 
median ultrafine particle concentrations at the six stationary sampling locations (30, 40, 
130, 180, 300, and 520 m from the center of I-81), and distance from the center of I-81. 
Equation Rush Hour 
RMSE 
Non Rush Hour 
RMSE 
𝒚 = 𝒂
𝟏
𝒙
 
0.69 0.75 
𝒚 = 𝒂
𝟏
𝒙𝟐
 
0.83 0.92 
𝒚 = 𝒂𝒆𝒃𝒙 0.06 0.15 
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Figure 3-14. Exponential fits to normalized median ultrafine particle concentrations 
during rush hour (0730-0900) and non-rush hour (1030-1200) with distance from the 
center of I-81 (m) at the six stationary sampling locations (30, 40, 130, 180, 300, and 520 
m). Due to the large sample-to-sample variability in UFP concentrations, the UFP are 
normalized for each sample to the value at 30 m displacement and then an average of 
those normalized values is computed. Circular points indicate sampling locations west of 
I-81; all other points correspond to sampling locations east of I-81.  
To compare UFP concentrations near I-81 measured in this study with previous 
near-roadway studies, data from five other studies are plotted with data from this study 
(Fig. 3-15). UFP concentrations at all sampling locations are at least three times greater in 
the two Los Angeles, California-based studies (Zhu et al., 2002b, 2002a). While the two 
Los Angeles studies measured a greater range of particle diameters (6-220 nm) than this 
study, the most likely reasons for the higher concentrations are consistent wind direction 
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that crossed over the highways and directly toward the sampling locations, and both 
highways included in these studies have 8-9 lanes and experience greater traffic volumes 
than the studied portion of I-81 in Syracuse. The study with a UFP decay profile most 
like the one observed in this study is from a roadway in Raleigh, North Carolina (Hagler 
et al., 2009). The Raleigh study took place near a roadway with traffic volumes only 
slightly greater (~125,000 day-1) than the AADT of the studied portion of I-81, but differs 
in that the near-roadway environment is much more open and free from buildings and 
obstructions than that in this study. While one of the comparison highways (405 in Los 
Angeles) is elevated to a similar height above the ground as I-81 (Zhu et al., 2002b), it is 
not open underneath like I-81, and therefore is not suitable as comparison. The structure 
of I-81 likely allows for greater UFP dispersion as UFP can be circulated down to the 
street below and through the median and sides of I-81. Without a suitable comparison 
stretch of I-81, it is impossible to test this hypothesis; however, the structure of I-81 is 
likely influential in dispersing UFP. It is also important to note that in this study, it was 
determined that the UFP data were not normally distributed, and thus I present the 
median data; however, the studies included in the comparison figure (Fig. 3-15) presented 
mean UFP concentrations. 
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Figure 3-15. Comparison between median ultrafine particle concentrations (diameters < 
100 nm) measured in this study, with reported particle concentrations from similar, near-
roadway studies. 
In contrast to the overall ensemble, very few individual RH and NRH transects of 
median UFP concentrations conform to exponential decay. Of the RH sample, 11 of the 
40 transect fits have RMSE values less than 0.15, and during NRH that number is only 7 
out of 40. While unanticipated, these results serve as an important reminder and example 
of how variable (in both space and time) UFP are in an urban environment as previously 
noted by Costabile et al.( 2009).  
To investigate a possible explanation for the large portion of individual transects 
that do not conform to exponential decay, anomalous data points (i.e., data points from 
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individual transects that fall above the line of best fit) were plotted against the SVF, local 
car counts, and local HDDV counts from respective sampling locations (Fig. 3-16). 
Spearman’s Rank Correlation (Gibbons and Chakraborti, 2010) was performed and 
results are displayed in Table 3-3. NRH anomalous normalized UFP concentrations are 
significantly correlated with SVF, but not as expected. It was expected to see a 
decreasing trend of anomalous normalized UFP concentrations with increasing SVF, as a 
SVF close to one suggests an open, well-ventilated area. However, many of the highest 
anomalously high normalized UFP concentrations occurred at sampling locations with 
SVF of ~0.9. Likely, there is another source of contamination related to the sampling 
location (520 m) that is responsible for the anomalous UFP concentrations. Occasionally, 
lawn mowers and leaf blowers were present at the sampling locations during RH. The 
presence of these UFP sources may have influenced some of the anomalous data as 
previously suggested  by Drewnick et al. (2008). 
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Figure 3-16. Anomalous normalized ultrafine particle concentrations from rush hour 
(07:30 -09:00) and non-rush hour (10:30 – 12:00) plotted against respective sky-view 
factors, local car counts (5 min-1) and local HDDV counts (5 min-1). 
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Table 3-3. Results from Spearman’s Rank Correlation of anomalous normalized ultrafine 
particle concentrations from rush hour (0730 -0900) and non-rush hour (1030 – 1200) 
with respective sky-view factors, local car counts (5 min-1) and local HDDV counts (5 
min-1). 
 Rush Hour  Non Rush 
Hour 
 
 Spearman’s 
Rank 
Coefficient 
P-Value Spearman’s 
Rank 
Coefficient 
P-value 
Sky-View 
Factor 
-0.16 0.54 0.69 0.02 
Local Car 
Count 
-0.24 0.35 0.0023 0.99 
Local HDDV 
Count 
-0.02 0.95 -0.04 0.91 
To fit an exponential to 15 and 50 nm particle concentrations from mobile data, a 
moving average was applied to median concentration data and the sample size was 
reduced to 15 to smooth the data. The data were then normalized to the particle 
concentration closest to the center of I-81 (~9 m). The RMSE values for the exponential 
fits indicate that 15- and 50-nm particles may not follow the overall trend of total particle 
concentrations, or may be slow to decay (Fig. 3-17,18). Fifteen- and 50-nm particles may 
be slower to decrease in this environment, perhaps because of sources outside of I-81 
such as local traffic. 
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Figure 3-17. Exponential fits of the median number concentration of particles with a 
diameter of 15 nm with lateral distance (m) from I-81 as measured during the mobile 
sampling conducted during rush hour (07:30-09:00) (RMSE = 0.10) and non-rush hour 
(10:30 – 12:00) (RMSE = 0.11). 
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Figure 3-18. Exponential fits of the median number concentration of particles with a 
diameter of 50 nm with lateral distance (m) from I-81 as measured during the mobile 
sampling conducted during rush hour (07:30-09:00) (RMSE = 0.04) and non-rush hour 
(10:30 – 12:00) (RMSE = 0.07). 
3.2.4 Evaluation of the influence of local traffic on Fayette Street  
While some vehicles may be more polluting than others, it was hypothesized that 
more local traffic on Fayette Street would lead to increased UFP concentrations and 
greater variance around the transect mean and median.  
For total UFP number concentrations during RH and NRH, there are no clear, 
observable differences in mean concentration or variance around the mean when few cars 
passed by the sampling location versus many cars (Fig. 3-19, 3-20). When 15- and 50-nm 
 
84 
number concentrations are analyzed separately, the results are similar despite the 
connection between particles of those sizes and vehicle emissions (Figs. 3-21, 3-22).  
 
Figure 3-19. Mean total ultrafine particle number concentration versus car counts during 
rush hour (07:30-09:00) at the six stationary locations (30, 40, 130, 180, 300, and 520 m 
from the center of I-81). Top and bottom bars correspond to maximum and minimum 
concentrations, respectively.  
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Figure 3-20. Mean total ultrafine particle number concentration versus car counts during 
non-rush hour (10:30-12:00) at the six stationary locations (30, 40, 130, 180, 300, and 
520 m from the center of I-81). Top and bottom bars correspond to maximum and 
minimum concentrations, respectively. 
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Figure 3-21. Mean 15 and 50 nm number concentration versus car counts during rush 
hour (07:30-09:00) at the six stationary locations (30, 40, 130, 180, 300, and 520 m from 
the center of I-81). Top and bottom bars correspond to maximum and minimum 
concentrations, respectively. 
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Figure 3-22. Mean 15 and 50 nm number concentration versus car counts during non-rush 
hour (1030-1200) at the six stationary locations (30, 40, 130, 180, 300, and 520 m from 
the center of I-81). Top and bottom bars correspond to maximum and minimum 
concentrations, respectively. 
 Similarly, no visible effects are noted when the number of HDDV is compared 
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(Figs. 3-23, 3-24). Higher mean UFP concentrations are evident at several of the 
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concentrations appear elevated at 520 m during RH (Fig. 3-25) as well as total UFP, this 
indicates that the total UFP number concentration for the two outlying points is 
dominated by 15 nm particles that are often associated with vehicle emissions. Upon 
review of GoPro video footage, the 520 m sampling location often experienced HDDV 
school bus traffic during RH that was not present during NRH (Fig. 3-26). The increased 
number of school buses on the road at this time may explain the high concentration 
outliers during RH at 520 m, as school buses have been shown to emit high 
concentrations of UFP (Zhang et al., 2013; Zhang and Zhu, 2010).  
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Figure 3-23. Mean total ultrafine particle number concentrations sampled by the number 
of heavy-duty diesel vehicles at the six stationary sampling locations (30, 40, 130, 180, 
300, and 520 m from the center of I-81) during rush hour (07:30-09:00). Top and bottom 
bars correspond to maximum and minimum concentrations respectively.  
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Figure 3-24. Mean total ultrafine particle number concentrations sampled by the number 
of heavy-duty diesel vehicles at the six stationary sampling locations (30, 40, 130, 180, 
300, and 520 m from the center of I-81) during non-rush hour (10:30-12:00). Top and 
bottom bars correspond to maximum and minimum concentrations respectively.  
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Figure 3-25. Mean 15- and 50-nm number concentrations sampled by the number of  
heavy-duty diesel vehicles at the six stationary sampling locations (30, 40, 130, 180, 300, 
and 520 m from the center of I-81) during rush hour (07:30-09:00). Top and bottom bars 
correspond to maximum and minimum concentrations respectively.  
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Figure 3-26. Mean 15- and 50-nm number concentrations sampled by the number of  
heavy-duty diesel vehicles at the six stationary sampling locations (30, 40, 130, 180, 300, 
and 520 m from the center of I-81) during non-rush hour (10:30-12:00). Top and bottom 
bars correspond to maximum and minimum concentrations, respectively 
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LME analysis was undertaken to examine the role of different controls on UFP 
concentrations. Results from the LME analysis for RH are displayed in Table 3-4, and 
residuals are plotted in Figure 3-27. In order with a priori expectation, temperature and 
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distance from the center of I-81 significantly affect observed UFP concentrations. Both 
increasing temperature and distance decrease UFP concentrations. These results concur 
with those from other studies that have shown decreasing UFP concentrations with 
increasing distance from a source and/or temperature (Hagler et al., 2009; Janhäll et al., 
2012; Reponen et al., 2003; Zhu et al., 2002a, 2002b). The result pertaining to 
temperature is especially relevant for northern or high elevation cities such as Syracuse 
that experience multiple months of cold weather, or for urban areas that experience large, 
diurnal changes in temperature, because cool mornings in combination with high-traffic 
time periods like RH could lead to short-term increases in UFP concentrations.  
While only a weak relationship is observed between NRH UFP concentrations 
and distance from I-81 in section 3.2.3 (Fig. 3-14), of the five variables included in the 
LME, only distance from the center of I-81 is significant (Table 3-5). Just as in RH, 
increasing distance from I-81 is associated with decreasing UFP concentrations. 
Temperature is likely not significant because NRH samples were taken in a narrower 
range of warmer temperatures than RH (Fig. 3-1). Likewise, other variables such as wind 
speed may not have been significant for this dataset in either RH or NRH due to the 
relatively persistent, calm nature of the winds in Syracuse during the sampling period. 
Plots of residuals ideally fall directly on the dashed y = 0 line (Figures 3-27 and 
3-28). When that occurs, the LME is appropriate for the dataset. While residual plots 
shown in figures 3-27 and 3-28 generally adhere to this rule, they also indicate that 
another predictor variable not included in the dataset is likely also influencing UFP 
concentrations. Previous studies (Morawska et al., 2008) have identified relative 
humidity and atmospheric stability as predictors of UFP concentrations, and these 
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parameters were not included in this study. In addition, new particle formation events 
have been observed in other urban environments (Hofman et al., 2016, Pryor et al., 2011) 
and may have also occurred in Syracuse, which would contribute to the variability of 
UFP concentrations. 
Table 3-4. Table of estimates and p-values for predictor variables included in the rush 
hour (07:30 -09:00) linear mixed effects model.  
Coefficient Estimate p-value 
Intercept 12028 8.6 x 10-35 
Local traffic count 94.927 0.72 
Wind speed -261.69 0.76 
Wind direction -367.82 0.66 
Temperature -4210.5 3.2 x 10-6 
Distance from center of I-81 -967.96 9.8 x 10-5 
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Figure 3-27. Plot of residuals for the rush hour (07:30 -09:00) linear mixed effects model. 
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Table 3-5. Table of estimates and p-values for predictor variables included in the non-
rush hour (10:30 -12:00) linear mixed effects model.  
Coefficient Estimate p-value 
Intercept 7510.5 2.0 x 10-34 
Local traffic count 134.26 0.49 
Wind speed -49.547 0.92 
Wind direction -268.65 0.58 
Temperature -213.46 0.67 
Distance from center of I-81 -682.16 2.8 x 10-4 
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Figure 3-28. Plot of residuals for the non rush hour (10:30 -12:00) linear mixed effects 
model. 
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CHAPTER 4: CONCLUSIONS 
This study successfully utilizes a TSI NanoScan SMPS in a mobile setting to 
measure UFP concentrations near an urban, elevated, high-traffic roadway (I-81 in 
Syracuse, NY). UFP concentrations generally decrease exponentially with distance from 
I-81, but results from individual transects are much more variable than those reported in 
previous studies, suggesting that UFP concentrations are more unpredictable in an urban 
environment when compared to near high-traffic roadways located in suburban or rural 
settings, and that the elevated structure may act to significantly impact the dispersion of 
UFP (Hagler et al., 2009; Zhu et al., 2002b, 2002a).  
Daily mean PM2.5 poorly relate to mean UFP concentrations during this study, 
highlighting the importance of using number-based monitoring techniques for UFP, 
rather than relying on pre-existing mass-based measurements from state-implemented 
PM monitoring programs.  
UFP concentrations during NRH are significantly lower than during RH and 
exhibit more day-to-day variability. NRH UFP concentrations conform to exponential 
decay with distance from I-81 less often than during RH most likely because of lower 
NRH traffic volumes on I-81, higher temperatures, and differing wind conditions than 
those observed in RH. Mobile 15- and 50-nm particle concentrations are also higher 
during RH than NRH; however, only a weak exponential relationship exists between 
median normalized 15 nm particle concentrations and distance from the center of I-81.  
UFP concentrations near I-81 are lower than what has been measured in previous 
near-road studies in other locations such as Los Angeles, California, Cincinnati, Ohio, 
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Raleigh, North Carolina, and Helsinki, Finland, but are reasonable given the traffic 
volume on I-81 and prevailing wind directions in relation to the sampling sites.  
Local vehicle traffic is less influential on UFP concentrations than hypothesized, 
but school bus traffic at one sampling location (520 m from center of I-81) appears to 
have an effect on 15-nm particle concentrations.  
According to LME analysis, of the variables recorded and analyzed during this 
study, distance from the center of I-81 is very influential in altering UFP concentrations 
near I-81 during RH and NRH. During RH, temperature is also influential, with colder 
temperatures being associated with higher UFP concentrations.  
The elevated portion of I-81 in Syracuse will be undergoing substantial changes in 
the next several years. These changes are likely to come as a complete re-build of the 
highway, or as a replacement with a street-level boulevard and rerouting of through 
traffic outside of the city. If the street-level boulevard option is chosen, UFP 
concentrations near this roadway could significantly change and I recommend that this 
study be repeated for comparison and to evaluate whether the new design improves or 
worsens air quality in relation to the old highway design.  
Additionally, I recommend that differences between UFP concentrations near 
elevated and ground level highways be studied further through direct comparison. An 
ideal set-up for a study such as this would be a highway with elevated and ground level 
portions in close proximity and with similar AADT. Methods used in this study to 
characterize the decay of UFP concentrations with distance from the highway could be 
used to determine if UFP concentrations decay differently from an elevated highway as 
opposed to a ground-level highway. 
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